A form of thyroxine-binding globulin (TBG) with reduced affinity for hormone and increased susceptibility to heat and acid denaturation has been identified in Australian Aborigines (TBG-A). Results of heat denaturation of TBG established that the TBGA allele is X linked and has a frequency of 50.9%
Introduction
Thyroxine-binding globulin (TBG)' is the major thyroid hormone carrier protein in human serum (1, 2) . It is synthesized 1 . Abbreviations used in this paper: IEF, isoelectric focusing; PCR, polymerase chain reaction; TBG, thyroxine-binding globulin; TBG-A, Aboriginal TBG; TBG-C, common type TBG; T3, triiodothyronine; T4, thyroxine.
by liver parenchymal cells and secreted as a 54-kD glycoprotein (3, 4) . Although TBG is not necessary for thyroid hormone action, alterations in its concentration produce proportional changes in the level of circulating thyroxine (T4) and triiodothyronine (T3) (1, 2) .
In 1980, two groups of investigators (5, 6) noted low total T4 concentration in -40% of healthy Australian Aborigines. Dick and Watson attributed this finding to the presence of a variant TBG (7) . Subsequently, we confirmed their hypothesis by showing that, compared with the common type TBG (TBG-C), this variant TBG (TBG-A) has decreased affinity for T4 and T3 and increased susceptibility to denaturation by heat and acid but normal immunoreactivity and microheterogeneity on isoelectric focusing (IEF) (8) . The inheritance of TBG-A was X-linked (9) as expected from the recent demonstration that a single TBG gene is located at Xq 21-22 (10) .
We now present the amino acid sequence of TBG-A deduced by sequencing of this variant TBG gene. Nucleotide substitutions were found in the codons for amino acids 191 and 283 resulting in replacement of alanine for threonine and leucine for phenylalanine, respectively. Both substitutions were present in the TBG genes of two unrelated Aboriginal men expressing TBG-A but were absent in the TBG genes of three Aboriginal men expressing TBG-C. Interestingly, an identical nucleotide substitution was found in the codon for amino acid 283 in the TBG gene of a Caucasian man, expressing a protein with properties indistinguishable from TBG-C. It thus is likely that the threonine substitution at amino acid 191 is responsible for the altered properties of TBG-A.
Methods
Subjects. Serum samples were obtained from 68 unrelated euthyroid Aborigines, 34 men and 34 women, from Western Australia. Their mean ages±SD were 34.9±13 yr (range: 16-60) and 35.5±17 yr (range: , respectively. These samples were used to determine the prevalence of TBG-A in this population. In addition, serum samples and whole blood collected in EDTA, were obtained from five Aboriginal men, two known to have TBG-A (subjects 1 and 2) and three expressing the common protein, TBGc (subjects 3, 4, and 5). Sera and whole blood were also obtained from seven Caucasian men having TBG-C. Sera were kept frozen at -20°C and whole blood was kept frozen at -80°C until analysis ofTBG and DNA extraction, respectively, except during the 48-h period of shipment in dry ice from Western Australia to Chicago.
Tests of thyroid function. The serum concentrations of total T4, total T3, and thyrotropin (TSH) were measured in serum by standard RIAs. TBG concentration in serum was determined by a specific RIA measuring native TBG as previously described (1 1).
Typing ofTBG. The presence ofTBG-A, TBG-C, or both TBG-A and TBG-C in heterozygous subjects, was determined by their rate of inactivation at 56°C as previously described (12 
Results
The prevalence of TBG-A. The rates of TBG denaturation in serum samples from the 68 unrelated Australian Aborigines are shown in Fig. 3 . Those ofthe 34 Aboriginal men segregated into either oftwo distinct groups, one ranging from 94 to 125% (8) , no differences were observed between TBG-A and TBG-C.
Sequence of TBG-A. The sequences of the coding regions and adjacent introns of a TBG-A allele from subject 1 (Table   III) were compared with those of an allele isolated from an Aboriginal man expressing a TBG with the properties of TBG-C (subject 3 in Table III ). The nucleotide sequence of this latter allele was identical to that of three alleles isolated from Caucasian men expressing TBG-C. The sequence of the TBGA allele differed at sites in exons 2 and 3 and were verified by sequencing both strands: a G-to-A transition in the codon for amino acid 191 ofthe mature protein in exon 2 resulted in the substitution ofalanine (GCA) with threonine (ACA), and a G-to-T transversion in the codon for amino acid 283 in exon 3 replaced leucine (TTG) with phenylalanine (TTT). These nucleotide substitutions result in the loss of the recognition sites for Bgl I [GCC(N)5GGC--GCC(N)5GAC] and Tth 11 II (TGPyTTG-*TTPyTTG) in exons 2 and 3, respectively (Fig.   4) . The mutation in exon 2 was 9 nucleotides downstream from the splice junction with exon 1 (Ala-188, GICC) and that in exon 3, 13 nucleotides downstream from the splice junction with exon 2 (Gly-279, GGIA).
Identification of TBG-A type substitutions by exon amplification and digestion with restriction endonucleases. To determine whether one or both substitutions are responsible for the observed changes in the properties ofTBG-A, we exploited the loss of the recognition sites for Bgl I in exon 2 and Tth 111 II in exon 3 to screen available DNA samples. Exons 2 and 3 from five Aboriginal men (two with TBG-A and three with TBG-C, Table III ) and seven Caucasian men with TBG-C were amplified by the PCR (Fig. 2) and digested with Bgl I and Tth 111 II, respectively. As shown in Fig. 5 , the Bgl I and Tth 11I II sites were absent in the amplified DNA samples containing exon 2 (561 bp) and exon 3 (464 bp), respectively, generated from two Aboriginal men expressing TBG-A. In contrast, amplified segments of DNA from the three Aboriginal men expressing TBG-C were digested as predicted yielding DNA segments of 404 and 157 bp with Bgl I and a 414-bp segment with Tth 111 11. The 50-bp segment resulting from the latter digestion was not visualized on this agarose gel; furthermore, because digestion with this endonuclease was incomplete, both the original 464-bp segment and the 414-bp fragment of the Tth 111 II digested samples are evident; both fragments hybridized with a TBG-C DNA probe (not shown). The TBG typing of the five Aboriginal men using this procedure was in complete agreement with results of typing based on both heat inactivation and serum T4 and T3 concentrations (Table III) . The amplified DNA segments of the Aboriginal men expressing TBG-A (subject 2 in Table III ) and that of another Aboriginal man expressing TBGc (subject 4 in Table   III ) whose TBG genes were not cloned, were sequenced, confirming the results from specific endonucleases digestion. More revealing were the results obtained on the analysis of seven Caucasian men expressing TBG-C. Whereas exon 2 of each could be digested with Bgl I, one of the seven samples resisted digestion with Tth 111 II (Fig. 5, subject 7) . The sequence of exon 3 of this subject revealed the same nucleotide substitution in the codon for residue 283 as that found in the Aboriginal men with TBG-A. However, the TBG synthesized by this individual had properties indistinguishable from those of TBG-C, including rate of heat denaturation and IEF pattern. Moreover, his serum T4 and T3 concentrations were within the normal range (Table III, subject 7).
Discussion
Measurement of the rate of TBG denaturation at 560C provides a means ofdistinguishing not only TBG-A from TBG-C but also of identifying heterozygotes having both TBG-A and TBG-C (9). The demonstration ofthe TBGAC phenotype in 13 of 34 Aboriginal women and its absence in 34 Aboriginal men, is consistent with X-linked mode of inheritance of this gene. An earlier report suggesting an autosomal inheritance (18) 26 (38.2%) had only TBG-C, and 13 (19.1%) had both TBG-A and TBG-C.
Of the two amino acid replacements in TBG-A, the substitution of phenylalanine for leucine-283 represents a relatively conservative replacement and thus is unlikely to be responsible for the abnormal properties of TBG-A. Moreover, we also observed the same substitution in one of seven Caucasian men examined, in whom it was not associated with detectable changes in the properties of the TBG molecule. Thus, it seems likely that the Leu/Phe-283 represents a common polymorphism that antedates the mutation at amino acid 191. The latter, present in both Aboriginal men with TBG-A examined, results in the substitution of a polar threonine for the nonpolar alanine-19 1.
The data strongly suggest that the threonine-191 substitution is responsible for both abnormal binding affinity and stability of TBG-A. What remains unclear is whether it is solely responsible for the observed alterations or whether the phenylalanine-283 is also required. As the threonine-191 mutation likely occurred on a chromosome having phenylalanine at residue 283, it is unlikely that the analysis of a larger group of Aboriginal men with TBG-A will resolve this quandary. A more direct approach would require the in vitro expression in cultured cells of variants having one and both substitutions.
Finally, we would propose changing the eponym, TBG-A, for TBGThr-191,Phe-283 and to designate the TBG with properties indistinguishable from TBG-C, TBGPhC2S3. Figure 5 . Detection of nucleotide substitutions by restriction endonuclease digestion of amplified DNA sequences. Numbers identifying lanes correspond to the subjects described in Table III 414 and 50 bp in TBG-C. The 50-bp fragment was not visualized and incomplete digestion (see Methods) resulted in two fragments, the undigested fragment of 464 bp and a 414-bp fragment. The three DNA samples from Aboriginal men with TBG-C (only two shown) and seven of eight samples from Caucasian men with TBG-C (only one is shown, subject 6) were digested by the enzyme. DNA samples from the Aboriginal men with TBG-A and from a Caucasian man with TBG-C (subject 7) were not digested.
